Amorphous aggregation is a major problem for protein biopharmaceuticals, and aggregate formation in a drug formulation can have serious health implications for the patient. In many cases, an immunogenic response is generated from the administration of a drug product containing aggregated protein. This becomes especially significant when the patient requires long-term or repeated administration of the drug, because the likelihood of a severe immune response increases. While the prevention of protein aggregation is critically important for the future of protein pharmaceuticals, the process is still poorly understood. The lack of understanding regarding nonfibrillar aggregation is largely due to the fact that assembly is difficult to study. In particular the role that various structural features (i.e. α-helix, β-structure, disulfide bonds) play in the aggregation process varies with the amino acid sequence and is dependent upon tertiary structure and solution conditions. Well-structured proteins do not readily aggregate in solution, whereas partially unfolded proteins tend to aggregate rapidly and often become insoluble. Here, we present a unique and simple system for studying amorphous protein aggregation. We have previously reported the isolation of the basic leucine zipper (bZIP) domain of activating transcription factor 5 (ATF5), a protein notable for its potential as a pharmaceutical target for treatment of glioblastoma multiforme. This domain consists of a single α-helix and possesses a single cysteine residue. It is only partially structured and displays marginal stability in solution under physiological conditions. We have modulated solution conditions that affect backbone solubility and the oxidation state of the thiol to successfully investigate the role that α-helical structure and disulfide bond formation play in protein stability. Our data indicate that covalent cross-linking helps to retain ATF5's helicity, which inhibits the formation of large aggregates. These studies have led to the identification of stabilizing conditions for ATF5, which will enable further study of the protein as a pharmaceutical target. Moreover, this work has general implications for analyzing stability of helical proteins in vitro and the specific atomic-level interactions in ATF5 that contribute to instability and self-association.
Introduction
Amorphous aggregation is a common phenomenon and a major obstacle to handling proteins in vitro. The aggregation of proteins isolated for use as pharmaceutical products poses a serious concern, as aggregates can stimulate the immune system, which may have devastating affects on the patient. [1] [2] [3] Although the study of protein aggregation has widereaching implications, the process by which aggregation occurs is still difficult to predict. The study of amyloids has provided understanding about the structure and formation of fibrillar aggregates, but a lack of data regarding amorphous structure has prevented verifiable application to amorphous aggregation. In particular, the role that disulfide bonds play in this process is poorly understood, because it varies among different systems. Reports indicate in some instances that disulfide bond formation promotes protein aggregation, yet in others it dampens this process. [4] [5] [6] [7] [8] These effects appear to be largely protein specific and dependent on features of tertiary structure. Alpha-helices can also play an important role in aggregation. In most instances, retention of α-helical structure has been linked to improved protein stability; 9, 10 however, several recent reports indicate that α-helical structure can facilitate aggregate formation. [11] [12] [13] The lack of understanding surrounding non-fibrillar aggregation is largely due to the fact that the assembled species lacks a regular repeating pattern, making it is difficult to study. Well-structured and natively disordered proteins do not readily aggregate in solution, whereas partially unfolded proteins tend to aggregate rapidly, suggesting structured features facilitate aggregation. Here we present a unique and simple system, which is amenable to investigating the mechanism of protein aggregation involving a helix to coil transition. We have previously reported the isolation of the bZIP domain of activating transcription factor 5 (ATF5), a protein notable for its potential as a pharmaceutical target for treatment of glioblastoma multiforme. 14 This domain consists of a single α-helix and possesses a single cysteine residue. It is only partially structured (~25% helix) and displays marginal stability in solution under physiological conditions. We have tested solution conditions that modulate helical propensity and the oxidation state of the thiol, to successfully investigate the role that α-helical structure and disulfide bond formation play in protein stability. These studies have led to the identification of stabilizing conditions for ATF5, which will enable further study of the protein as a pharmaceutical target and provided a model system for further examination of residue-specific contributions to the formation of amorphous aggregates.
Materials and Methods

Protein Expression and Purification
The cDNA of ATF5 was obtained through ATCC (MGC-842) and the bZIP domain was PCR amplified and inserted into a Novagen (San Diego, CA) pET-42b vector as described previously. 14 Site-directed mutagenesis was performed to create the C240A point mutation in the bZIP region using the following primers: 5'GAGGCCCTGGAGGGCGAGGCCCAGGGGCTGGAGGCACGG (forward primer), 5'-CCGTGCCTCCAGCCCCTGGGCCTCGCCCTCCAGGGCCTC (reverse primer). Plasmids were transformed into Novagen BL21(DE3) E. Coli for expression. Purification was done using a refolding procedure described previously. 14 Protein concentrations were determined using a standard Bradford assay. ATF5 purification and isolation was confirmed using SDS-PAGE and LC/MS. 14 These methods were also used to confirm intermolecular disulfide bond formation for wild-type ATF5. 14 Isotopic labeling for two-dimensional NMR was accomplished with the substitution of 15 N-ammonium chloride. The 15N-ammonium chloride (>99% N-15) was obtained from Spectra Stable Isotopes (Columbia, MD).
Circular Dichroism
Circular dichroism (CD) spectra were acquired with a Jasco-810 polarimeter (Tokyo, Japan) equipped with a Peltier-type temperature controller and a six-position sample holder. Samples were prepared at a final protein concentration of 100 µM in 20 mM MES buffer at pH 6.0 in the absence or presence of dithiothreitol (DTT) or trifluoroethanol (TFE). Scans were performed at 4°C from 260 to 190 nm in a 0.1-cm path length cell. A scanning speed of 50 nm/min and a response time of 8 sec were used. The selected bandwidth was 5 nm and the data pitch was 1 nm. Scans were run in duplicate for each sample and two samples were prepared and analyzed for each set of solution conditions. Using the Jasco Spectra Manager v1.18.00 software the measured values were converted to molar ellipticity. The resulting average and standard deviations were plotted for each condition using Plot. Percent helicity was calculated using the mean residue ellipticity observed at 222 nm as previously described. 14, 15 To evaluate protein stability the absorbance at 222 nm was monitored at a function of temperature. The temperature was adjusted from 4 to 85°C at a ramping rate of 15°C/hour and the absorbance was monitored every 0.5°C. The results were converted to molar ellipticity using the instrument software. Two samples were prepared and analyzed for each set of solution conditions. The resulting average and standard deviations were plotted using Plot. Midpoints of thermal transition were calculated using Microcal Origin sigmoidal fit graphing tools. None of the solution conditions used produced signals above background at any temperature and therefore, no buffer subtraction manipulations were performed.
Static Light Scattering
Static light scattering (SLS) data were acquired with a Photon Technology International (PTI) spectrafluorometer (Lawrenceville, NJ) equipped with a Peltier-type temperature controller and a four-position sample holder. Samples were prepared at a final protein concentration of 100 µM in 20 mM MES buffer at pH 6.0 in the absence or presence of dithiothreitol (DTT) or trifluoroethanol (TFE). The intensity of scattered light was measured as a function of temperature and detected at an angle of 90° to the light source by a photomultiplier tube. An arc lamp white light source was used in all cases. The excitation wavelength was set at 275 nm. The emission wavelength range was set from 250 nm to 350 nm. Spectra were obtained following a 5 min equilibration period at each temperature. Data were collected every 2.5°C between the temperature range of 4 to 81.5°C. The background was subtracted from each data point based on a blank containing the corresponding buffer solution. Two samples were prepared and analyzed for each set of solution conditions. The resulting average and standard deviations were plotted using Plot.
Dynamic light scattering
The average hydrodynamic diameter was monitored as a function of temperature using a Brookhaven (Holtsville, NY) BLS-9000 DLS instrument equipped with a 50 mW HeNe diode laser operating at 532 nm and a Brookhaven BI-200SM goniometer. Samples were prepared in 20 mM MES buffer pH 6.0 at a final concentration of 100 µM. Five consecutive 30 sec data collection intervals were taken every 2.5°C over the range of 10 to 90 °C. Light scattering was monitored 90° to the incident light and autocorrelation functions were generated using a Brookhaven BI-9000AT digital autocorrelator. The hydrodynamic diameter was calculated from the translational diffusion coefficient using the StokesEinstein equation. 16 
Nuclear Magnetic Resonance
Results
CD spectroscopy was used to investigate the influence of a single intermolecular disulfide bond (C240-C240) on the structure of the bZIP domain of ATF5. The spectra reveal absorption characteristics consistent with the presence of α-helical structure for both the disulfide-bound dimer and the C240A monomer ( Figure 1A ). This is depicted by the double absorption minima pattern detected at 222 nm and 208 nm. 20 The ratio of 222 to 208 nm is 0.84 for wild type and 0.85 for C240A, which is consistent with α-helical but not coiled-coil structure. 21, 22 An increase in helical content is observed for the dimer in comparison to the monomer. This difference can be quantified for each species using the mean residue ellipticy at 222 nm. 14, 15 The percent helicity calculated for the dimer under these conditions is 23.4% ± 0.3%, whereas the percent helicity of the C240A monomer is 19.0% ± 1.0%.
Upon the addition of reducing agent to wild-type (WT) ATF5 (10 mM DTT), a decrease in absorption signal that corresponds to α-helix is observed ( Figure 1B ). The absorption intensity for the reduced WT more closely resembles that of the C240A monomer under reducing conditions with a calculated percent helicity of 17.9% (± 0.2%) and 16.7% (± 0.1%), respectively. This indicates the intermolecular disulfide bond is responsible for the increased helicity originally observed for the dimeric species. It is important to note that the decrease in absorption intensity observed at 208 nm relative to 222 nm in the presence of DTT is due to substantially increased interference caused by DTT on the detection at shorter wavelengths. For this reason, absorption measurements taken at wavelengths below 210 nm in the presence of DTT should be considered less accurate. As such, the ratio of 222 nm to 208 nm was not assessed because the interpretation of this value is also unreliable for determining α-helical vs coiled-coil content.
The impact of the intermolecular disulfide bond on thermal stability was evaluated by monitoring the α-helix CD absorption signal at 222 nm as a function of temperature. A decrease in absorption signal at 222 nm indicates a loss of secondary structure, which reflects protein unfolding. The disulfide-bound dimer is more stable than the C240A monomer. The calculated melting temperature (T m ) of the dimer is 55.5°C, whereas it is 15.9°C for the monomer (Figure 2A ). In the presence of reducing agent (10 mM DTT) the T m for the C240A mutant remains relatively unchanged (15.1°C), whereas the melting curve for the dimer shifts dramatically to more closely resemble that of the monomer ( Figure 2B ). The calculated transition temperature for the dimer under these conditions is 19.9°C. Notably, unfolding of all forms of ATF5 was found to be largely irreversible due to precipitation of aggregated species (data not shown).
The effect this intermolecular disulfide bond has on protein aggregation was then evaluated using a static light scattering assay. The intensity of scattered light was measured as a function of temperature for the two forms of ATF5. In this assay, an increase in the intensity of scattered light indicates increased aggregate formation. The data show that the onset of aggregation is more rapid, and the extent of aggregation is greater for the C240A mutant compared to the WT under non-reducing conditions ( Figure 3A ). The onset of aggregation is more gradual and the extent lessened for the disulfide-bound dimer ( Figure 3A ). Upon reduction of the disulfide bond via the addition of reducing agent (10 mM DTT), the scattering profile of the dimer more closely parallels that of the C240A monomer ( Figure  3B ). The decrease in signal seen at higher temperatures in Figure 3B indicates the formation of very large aggregates that have settled out of solution, resulting in diminished absorbance intensity. This was verified using dynamic light scattering analysis, which indicated that the average hydrodynamic diameter of protein in solution was much greater in the presence of DTT (See Supporting Information; Table S1 ). Clearly, reduction of the disulfide bond decreases thermal stability, as the two proteins now behave similarly, but it is also apparent that the inclusion of DTT in solution has an additional adverse effect on protein stability, possibly due to the more hydrophobic character or decreased dielectric constant of this cosolvent.
The effect that α-helical structure has on protein stability was evaluated using the addition of the co-solvent trifluoroethanol (TFE) to induce helical structure. The use of TFE for the purpose of inducing protein structure is common and well cited. 23, 24 TFE is added to peptides to enhance α-helicity, because the solubility of the backbone changes. Low percentages of TFE typically increase helicity, but at high concentrations (often >40%) β-sheets may form in some peptides. 23 The impact of TFE on the structure of ATF5 was assessed using CD spectroscopy. The helical content of both the disulfide-bound dimer and the C240A monomer increased in a dose-dependent fashion upon the addition of TFE within the experimental range used (Figure 4 ). The increase in helicity observed for a given amount of TFE added was greater for the C240A mutant than for the dimer, but at 10% TFE and above both forms displayed equivalent amounts of helical structure. The percent helicity was quantified as described above for both forms of ATF5. The dimer displayed a percent helicity of 25.5% (± 0.6%), 30.8% (± 0.6%), and 39.3% (± 1.0%) in the presence of no TFE, 10% TFE and 20% TFE, respectively. The comparative values for the C240A monomer under the same conditions are 19.5% (± 0.3%), 30.5% (± 0.3%), and 42.0% (± 2.2%), respectively.
The thermal stability of both forms of ATF5 in the presence of increasing concentration of TFE was investigated by monitoring the α-helical CD absorption signal at 222 nm as a function of temperature. The melting profiles of both forms changed in the presence of TFE ( Figure 5 ). The data show that increasing the helicity of either form of ATF5 improves thermal stability, because greater α-helical structure is retained at all temperatures in the presence of TFE. A standard quantitative analysis comparing T m values is not possible for these data, because the melting profiles in the presence of 10% and 20% TFE could not be fit to a sigmoidal curve. The melting temperature calculated for the WT form of ATF5 in the absence of TFE is 56.0°C. At that same temperature in the presence of 10% and 20% TFE, there is greater helical structure present. The molar ellipticity values for the WT dimer at 56°C in the presence of 0%, 10% and 20% TFE are −426,189, −581,870, and −630946, respectively. This equates to approximately 9% more α-helix at 10% TFE than at 0% TFE, and 3% more helix at 20% TFE than at 10%. The melting temperature calculated for the C240A monomer in the absence of TFE is 17.2°C.
The molar ellipticity values for the C240A mutant at 17°C in the presence of 0%, 10% and 20% TFE are −428,822, −653,246 and −846,000, respectively, equating to 12% more helix at 10% TFE than 0% TFE, and 11% more helix at 20% TFE than 10% TFE.
Analysis of static light scattering data was used to evaluate the effect of helicity on protein aggregation. Increasing the α-helical structure of both the cross-linked WT dimer and the C240A monomer prevents aggregation (Figure 6 ). The maximum intensity of scattered light detected for the WT form is 259,404, 150,731 and 139,743 in the presence of 0%, 10% and 20% TFE, respectively. Notably, a greater difference in the extent of aggregation is observed between 0% and 10% TFE than between 10% and 20% TFE. This same trend is observed for the C240A monomer, where the maximum intensity of scattered light detected in the presence of 0%, 10% and 20% is 779,386, 277,567, and 248,188, respectively. The greatest impact on aggregation in all cases is observed for the C240A mutant in the presence of 10% TFE, where the inclusion of the co-solvent dramatically reduces the onset and extent of aggregation. The impact on aggregation for the WT form at the same concentration of 10% TFE is much less dramatic, even though the percent helicity induced is roughly the same as that of the C240A monomer (approximately 30%). At low temperatures, the addition of TFE leads to a small amount of increased light scattering for both the WT and C240A. There is more scattering at 20% TFE compared to 10% TFE, suggesting that an alternative mode of association may be responsible for aggregation in the TFE-containing samples.
NMR experiments were performed to evaluate general differences in structure between the WT and C240A forms of ATF5 at higher resolution. The 2D 1 H-15 N HSQC experiment used here selectively detects all NH pairs in the protein and correlates each 1 H to the directly attached 15 N atom. The resultant spectrum is considered a "fingerprint" of the protein, because the chemical shifts depicted reflect the conformationally-weighted average of the environment experienced by the nuclei, which is defined by the overall protein fold. Consequently, the 1 H-15 N HSQC experiment can provide a quick indication of protein structure. A well-behaved globular protein will display good signal dispersion, typically ranging from 6 to 12 ppm on the 1 H-axis and 100-140 ppm on the 15 N-axis. This dispersion results from the presence of stable, structural features that confine the individual nuclei to unique chemical environments. More disordered proteins typically have peaks clustered more closely around random coil values (~8.3 ppm in 1 H). This is because, on average, the nuclei experience more similar chemical environments in solution than in the structured protein. The HSQC spectra of proteins composed of only a single helix, like the bZIP of ATF5, are difficult to interpret without full assignments and additional data, because in a standard alpha helix, all the amides are in similar environments, which can result in overlapping NMR signals. Typically, when bZIP proteins functionally dimerize they interact to form a two-stranded coiled-coil. Higher-order protein structure, such as coiled-coil, would place the NH nuclei in more distinct chemical environments, resulting in greater dispersion of the NMR signal, as has been demonstrated experimentally for a number of bZIP proteins examined structurally using solution NMR. [25] [26] [27] [28] [29] An overlay of the 2D HSQC spectrum of the C240A mutant onto the WT spectrum shows that the chemical shifts for both forms are largely clustered around 8.3 ppm in 1 H and only a few differences in resonance positions between the spectra are apparent (Figure 7 ). This indicates the average structure of the two forms is quite similar and both proteins are conformationally labile. The limited chemical shift dispersion observed for both forms of ATF5 represents α-helix and/or random coil structure. The lack of dispersion in the NMR spectra further indicates coiled-coil structure is not developed, even in the obligate wild-type dimer. This is consistent with the CD spectra in which the ratio of 222 to 208 nm indicate α-helix is present but coiled-coil structure is not. The unique red peaks in the WT dimer likely correspond to residues adjacent to C240 involved in the helical region that are stabilized by disulfide bond formation. The NH signal generated by the side chains of Asn and Gln residues cluster in a different chemical shift range and account for the signal observed between 6.8 and 7.6 ppm on the 1 H -axis. There is little evidence for the existence of a coiled-coil structure for either form of ATF5, even at the high concentrations required for these studies. These data suggest that despite the presence of 23% helical content in the covalent dimer and its resistance to aggregation when the helix is maintained, ATF5 does not develop well-defined tertiary structure. Interestingly, the addition of 20% TFE alters the spectrum to only a small extent (data not shown), suggesting TFE may temporarily stabilize residues already prone to helix formation rather than propagating helicity to other portions of the sequence.
Discussion
ATF5 belongs to the basic leucine zipper (bZIP) family of transcription factors. These proteins function as dimers that bind DNA and regulate transcription. The bZIP domain, present in all family members, contains a repeating pattern of leucine in every seventh position, which facilitates dimerization through formation of a parallel two-stranded coiledcoil. 30 Favorable hydrophobic interactions between residues in the a and d positions of the leucine zipper heptad in conjunction with attractive electrostatic interactions between residues in the e and g positions typically drive coiled-coil formation in bZIP proteins. 30 The basic regions of each monomer then bind DNA in what has been described as a "scissorsgrip" model of binding. 31 bZIP proteins can either homodimerize or heterodimerize with other bZIP family members. Previous findings suggest that ATF5 forms a bZIP homodimer (Figure 8 ). 32 We have identified some favorable interactions that exist in our helical wheel diagram of the ATF5 homodimer that could assist in formation of a coiled-coil. For instance, the leucine residues in the d position (boxed in black) have a high propensity to adopt a helical conformation and are known to pack favorably in two-stranded coiled-coils. [33] [34] [35] We have shown that disulfide bond formation at the cysteine residue in the a position (boxed in black) retains helical structure, which could be a stabilizing force for a coiled-coil. Additionally, there are a few favorable electrostatic interactions that exist between residues in the e and g positions (depicted by black double-headed arrows and boxed) that could help stabilize a coiled-coil homodimer. However, there are also several unfavorable interactions present here that are not found in other bZIP coiled-coils. The valine residues in the d position (outlined in red) have a much lower propensity to adopt helical structure. 33 β-branched amino acids, like valine, are also not favored in the packing arrangement of twostranded coiled-coils. 34, 35 A series of unfavorable electrostatic interactions exist between residues in the e and g positions (delineated by red double-headed arrows and boxed) that would further prevent formation of a stable coiled-coil. We have collected structural data on the bZIP domain of ATF5 at high concentrations using CD and solution NMR, 14 and our data indicate that the ATF5 protein does not form a stable coiled-coil in solution under physiological pH, ionic strength and reducing conditions. 14 The absence of valine residues and repulsive electrostatic interactions in the ATF4 and other bZIP coiled-coil structures implies that these features are responsible for the prevention of a stable coiled-coil for the ATF5 homodimer.
ATF5 shares 74% sequence homology with another bZIP protein family member, ATF4 ( Figure 9) . A crystal structure has been solved for ATF4, in which the protein participates in formation of a bZIP heterodimer with CCAAT enhancer binding protein β (C/EBPβ). 36 In this structure, ATF4 is shown to exist as a very straight α-helix, while C/EBPβ curves to wrap around ATF4 and create the coiled-coil. This is a unique feature of ATF4, as most bZIP proteins display more flexibility, with two bZIP monomers curving equally to wrap around each other. [37] [38] [39] [40] [41] The structure suggests that the rigidity of the ATF4 α-helix disfavors homodimerization, i.e. coiled-coil formation, and therefore must dimerize with a more flexible partner. The lack of stable homodimer formation under reducing conditions suggests ATF5 may heterodimerize in vivo and that it is prone to aggregation in vitro because its hydrophobic side chains are exposed and unable to form native interactions without the alignment imposed by covalent attachment.
Alternatively, it has been suggested that intermolecular disulfide bond formation might facilitate formation of an ATF4 or ATF5 homodimer. 36 A unique cysteine residue is located at the center of the bZIP region of ATF4. 36 This analogous cysteine is positioned such that it would be at the interface of a coiled-coil dimer. ATF4 and ATF5 are the only bZIP proteins that contain a cysteine residue in this position, suggesting a functional role for this residue in vivo. We have collected NMR data in the presence and absence of this intermolecular disulfide bond for ATF5. The notable lack of dispersion in 1 H signal in the spectra of both the reduced monomer and oxidized dimer compared to spectra of other coiled-coil proteins indicates disulfide bond formation at this position does not confer formation of a stable coiled-coil (Figures 7 and 8 ). This disulfide bond does, however, play a role in retention of α-helical structure and physical stability of the protein to resist aggregation. If homodimerization has a biological function, the protein is likely to be redox regulated, as has been reported for other transcription factors. 42 A naturally occurring mutant of apolipoprotein A-I (ApoA-I) known as the Milano variant (ApoA-I M ) was found to affect the stability of this protein in a parallel manner to that observed for ATF5. The Milano mutation introduces a non-native Cys residue that results in the formation of a disulfide-bonded homodimer. Cys substitution significantly increases both the percent helical content and the stability of this protein at high concentration. 43 Cross-linking stabilizes a conformational change in ApoA-I M that increases the helical content to match that of the native dimerized form, which is present at higher concentrations of protein. At lower protein concentration this mutation and other substitutions at the same site leads to diminished helicity and stability due to disruption of a salt bridge. 44 Addition of TFE to monomeric ApoA-I also increases its helical content to match that of the Milano form and concomitantly improves stability of the native protein against aggregation. ApoA-I is prone to form amyloid aggregates in vivo, whereas the disulfide-bound Milano form resists aggregation. 45 Interestingly, mutation at the same or adjacent positions in the protein that do not confer covalent attachment render ApoA-I more susceptible to aggregation. 45 Despite that ApoA-I and ATF5 are unrelated in sequence or function, these two systems display parallel behaviors with respect to the influence of helicity and disulfide cross-linked dimerization on stability and aggregation. Further investigation of ATF5 and comparison to ApoA-I may provide insights to better understand the basis of how helical structure and dynamics influence stability and aggregate formation.
The bZIP domain of ATF5 contains several valine residues instead of leucine residues at the C-terminal end of this region. While valine residues are commonly located in the a-position of the leucine zipper heptad, they rarely occupy the d-position. ATF5 is the only bZIP protein to possess three consecutive valines in this domain. ATF4 encodes only a single valine residue in the last d-position of its bZIP domain. It is not known what affect these β-branched amino acids would have on the binding partner selectively of ATF5 in vivo, but they seem to prevent coiled-coil formation and are likely to be a key component of the protein's instability in vitro.
Our data show that the bZIP domain of ATF5 is only partially structured in solution, with its percent helicity increasing from 19.0% to 23.4% in the presence of the intermolecular disulfide bond. Using the DISEMBL TM server we predicted the intrinsic disorder of this domain (data not shown). 46, 47 The N-terminal basic domain (residues 203-238) and the end of the C-terminal leucine zipper domain (residues 275-282) are the most likely regions to be disordered. Additionally, a number of studies have shown that the helical propensity of leucine is much greater than valine. 33 This suggests that the central portion of the leucine zipper of ATF5 is most likely to be helical. There are seventeen residues between the cysteine at position 240 and the valine at position 257, which make up the first half of the leucine zipper domain. If this region displayed 100% helicity and the rest of the protein was disordered, the predicted percent helicity would be 22.8%. This matches closely with the experimental values obtained for ATF5. An intermolecular disulfide bond positioned at cysteine 240 would likely help to stabilize the helical structure in this region by constraining the two chains and increasing intermolecular contact between them.
Computational methods for predicting protein aggregation have been developed, and we used several to examine ATF5. TANGO is a statistical mechanical model used to identify nucleation sites for aggregation based on the observations that aggregates often contain increased β-structure and the core regions of an aggregate are completely buried, such that nucleating sequences will have their hydrogen bonding potential largely satisfied. 48 This program predicts that the region most likely to initiate aggregation in ATF5 lies between residues 260 and 276. This corresponds to the valine-containing portion of the leucine zipper, which is largely hydrophobic (Figure 9 ). AGGRESCAN is another sequence-based tool, which relies upon the aggregation-propensity for each of the individual amino acids to identify sequences likely to aggregate. 49 An evaluation of the bZIP domain of ATF5 identified the region contained between residues 265 and 273 as most likely to aggregate, which again, falls within the valine-containing portion of the leucine zipper. Based upon this information, it is likely that the structural features demonstrated to impart improved stability to ATF5 function protect the less-structured and aggregation-prone valine-containing portion of the protein from intermolecular association. A third program was used to evaluate the propensity of protein molecules to self-associate. Prediction of amyloid structure aggregation (PASTA) is based on the alignment observed in most cross-β structures. 50 PASTA predicted that it is unlikely for ATF5 to form cross-β fibrillar aggregates, which is consistent with our experimental observations of amorphous aggregates. The PASTA results, however, indicated that the antiparallel alignment of ATF5 in solution is energetically preferred over parallel alignment. This small preference could explain why aggregates form more rapidly between monomers. Covalent dimerization may not so much alter the structure of the monomer as constrain the Val-containing sequences in close proximity and provide an adjacent hydrophobic surface with which to interact. 51 We have shown that the retention of α-helical structure, either through formation of an intermolecular disulfide bond or via the addition of TFE, prevents rapid, thermally-induced protein aggregation. Based on the prediction results derived from first principles, it is most likely that the disordered regions of ATF5 play a role in initiating the process of aggregation rather than the uncoiled helical sequence. As electrostatic repulsion will dominate and prevent association between the basic regions, we propose that the hydrophobic residues present in the valine-containing portion of the protein are involved in initiating protein aggregation. Reduction of the disulfide bond at C240 would result in greater conformational freedom and exposure of hydrophobic residues in this region, which would increase protein aggregation. This explains why aggregation proceeds so much more quickly for the reduced WT and C240A monomer. The addition of TFE likely stabilizes helicity of the Leucontaining region, providing enhanced rigidity and reduced dynamic motion in the Valcontaining region that would diminish solvent exposure and prevent self-association. Based upon our experimental evidence along with the results acquired using the computational tools identified above, we have created a model that depicts the aggregation mechanism of ATF5 ( Figure 10) . In using such a simple system to investigate protein aggregation, we have clear evidence to support the notion that increasing the structural integrity of native α-helices improves protein physical stability. This conclusion has implications for handling other helical proteins in vitro and provides a basis for further investigating amorphous aggregation at higher resolution. CD absorption spectra of the disulfide-linked ATF5 dimer (red upright triangles) and the C240A monomer (blue downturned triangles) in the absence (A) or presence (B) of 10 mM DTT. CD absorption at 222 nm of the disulfide-bound ATF5 dimer (red upright triangles) and C240A monomer (blue downturned triangles) in the absence (A) or presence (B) of 10 mM DTT as a function of temperature. SLS analysis of the disulfide-linked ATF5 dimer (A) and the C240A monomer (B) in the presence of increasing amounts of TFE: (purple squares) no TFE, (green circles) 10% TFE and (blue diamonds) 20% TFE. Helical wheel diagram of an ATF5 homodimer depicting standard coiled-coil interactions. Favorable interactions that would stabilize formation of a coiled-coil are delineated in black. Repulsive interactions that would be destabilizing are shown in red. The diagram reveals the lack of consensus among homotypic interactions to support coiled-coil stabilization. Sequence alignment of the bZIP domain of ATF4 and ATF5. The basic residues comprising the basic DNA binding domain are highlighted in blue. The leucine and valine residue located in the d-position of the leucine zipper heptad are highlighted in red. The unusual cysteine residue poised to form an intermolecular disulfide bond is underlined. The region of ATF5 most likely to form α-helical structure is boxed. Aggregation model of ATF5. Slow aggregation of the cross-linked ATF5 dimer is facilitated by antiparallel association of the disordered valine-containing region (ϕ). Reduction of the disulfide bond creates the monomeric species, which displays decreased helicity and participates in fast aggregation through antiparallel alignment of the same valine-containing region. The N-terminal basic domain is illustrated by the addition of symbols indicating positive charge (+). The helical portion of the leucine zipper is depicted in blue. Note: A limited set of arrangements is shown here, but others are equally possible. 
